ABSTRACT (160 words)
7
quantitatively define the entire process of branching MT nucleation in dividing Drosophila cells.
8
The stereotypical branching nucleation event entailed augmin first binding to a "mother" MT, 9 recruitment of γ-TuRC after 16s, followed by nucleation 15s later of a "daughter" MT at a 36° organizer. However, the fact that centrosomes are absent from most mammalian oocytes/eggs 6 and many plant species (Budde and Heald, 2003; Clift and Schuh, 2013; Severson et al., 2016) 7 was an early indication of the existence of acentrosomal nucleation pathways. One such 8 acentrosomal pathway is MT-dependent branching MT nucleation, which was initially described 9 in plants where the phenomenon was clearly visualized in cortical MT regrowth assays in a 10 green algae (O. WASTENEYS and E. WILLIAMSON, 1989) and then quantitatively analyzed in
11
Arabidopsis cortical interphase MT arrays and Tobacco BY-2 cell-free lysates (Chan et al., 12 2009; Liu et al., 2014; Murata et al., 2005; Nakamura et al., 2010; Walia et al., 2014) .
13
Centrosome-mediated MT nucleation requires γ-tubulin and its associated proteins 14 known as the γ-tubulin ring complex (γ-TuRc) (Kollman et al., 2010; Moritz et al., 2000) . γ-TuRC 15 is not limited to the centrosome as the complex localizes along the length of spindle MTs 16 (Goshima et al., 2008; Zhu et al., 2008) and visualization of plant cortical arrays revealed that 17 daughter MT branches were nucleated by mother-associated γ-TuRC (Murata et al., 2005) . The 18 mechanism and molecules responsible for recruiting γ-TuRC to mother MTs was unknown until 19 a genome-wide RNAi screen in Drosophila S2 cells identified 5 dim γ-tubulin (DGT2-6) proteins 20 that were required for γ-tubulin localization to spindle MTs, but not centrosomes (Goshima et al., 21 2007 ). Dgt2-6 formed a stable complex called augmin that was required for proper spindle 22 assembly and function (Goshima et al., 2007) . Subsequently, augmin was determined to be a 23 conserved octameric protein complex containing DGT2-9 subunits in Drosophila (Uehara et al., 24 2009) and in human the following 8 subunits of augmin were identified: Ccdc5 (HAUS1), Cep27
25
Verma and Maresca 4 (HAUS2), hDgt3 (HAUS3), C14orf94 (HAUS4), hDgt5 (HAUS5), hDgt6 (HAUS6), UCHL5IP 1 (HAUS7), and Hice1 (HAUS8) (Lawo et al., 2009; Uehara et al., 2009 ). Hice1/HAUS8/Dgt4 has 2 been shown to bind directly to MTs (Hsia et al., 2014; Wu et al., 2008) ; while the Dgt3, Dgt5, 3 and hDgt6/HAUS6/Dgt6 subunits of augmin have been reported to bind to γ-TuRC via its 4 subunit, NEDD-1 (Chen et al., 2017; Haren et al., 2006; Luders et al., 2006; Uehara et al., 2009;  5 Zhu et al., 2008) . Augmin is functionally well-conserved as depletion of augmin components in 6 various cell types leads to reduction in spindle MT density, chromosome mis-segregation, 7 midzone MT assembly defects, and increased incidence of cytokinesis failure (Hayward et al., 8 2014; Uehara and Goshima, 2010; Uehara et al., 2016; Uehara et al., 2009; Zhu et al., 2008) .
9
Since the identification of augmin, the interphase cortical MT array in Arabidopsis has 10 provided the best system to visualize the central players (MTs, augmin, -TuRC) during 11 branching nucleation (Liu et al., 2014; Wang et al., 2018) . The formation of augmin-dependent , 2008) . There is also a discrepancy between measured branch angles 21 across systems with plants exhibiting larger augmin-mediated branch angles (~40°) than those 22 measured in Xenopus egg extracts (Chan et al., 2009; Liu et al., 2014; Murata et al., 2005;  23 Nakamura et al., 2010; Petry et al., 2013; Walia et al., 2014) . Present understanding of the 24 branching MT nucleation pathway in animal cells is limited due to the absence of direct high-
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Verma and Maresca 5 resolution imaging of daughter MT nucleation events by its molecular mediators. In this study, 1 multi-color, live-cell TIRF imaging in Drosophila Melanogaster S2 cells, the system in which 2 augmin was first identified (Goshima et al., 2008; Goshima et al., 2007) , was applied to visualize 3 the entire process of branching MT nucleation by augmin and -TuRC.
5

RESULTS AND DISCUSSION
6
In a prior study, we observed the assembly of astral-like MT arrays that appeared to be 7 generated by branching MT nucleation after anaphase onset in Drosophila S2 cells (Verma and 8 Maresca, 2019) . To test if these arrays were generated by bona-fide branching MT nucleation 9 events, a stable cell line co-expressing EGFP-α-tubulin and γ-tubulin-Tag-RFP-T was created 10 and imaged with dual color, high-resolution TIRF microscopy. Centrosomal and spindle MT 11 populations of γ-tubulin were observed throughout mitosis and the localization of γ-tubulin 12 puncta to spindle MTs, while abundant, was transient and dynamic. Prior to anaphase onset,
13
individual MTs could not be readily visualized by TIRF microscopy; however, post anaphase 14 onset more stable (relative to pre-anaphase) astral MTs entered the TIRF field where they could 15 be imaged for extended durations (often minutes). Indeed, γ-tubulin puncta were observed to 16 dynamically localize to astral MTs and to reside at the sites of daughter MT nucleation ( Figure   17 1A, B; Movie 1). Quantification of a number of bona-fide branching nucleation events revealed 18 that the lag-time between the localization of a γ-tubulin puncta to a mother MT and nucleation of 19 a daughter MT was 15.9s ± 8.8s (Mean ± S.D., n = 41 events) ( Figure 1C) . In contrast to 20 branching MT nucleation events in Xenopus egg extracts where reported branch angles were 21 shallow (< 10° for 52% branching events) (Petry et al., 2013) ; the branching nucleation events 22 observed in anaphase Drosophila S2 cells exhibited a mean branching angle of 35.7° ± 8.8° (n 23 = 87) and in the same orientation relative to the mother MT ( Figure 1D) . In most cases, as long 24 as the mother MT did not depolymerize past the branch point, the daughter remained attached 25 to the mother MT and exhibited dynamic instability. While variable, the mean lifetime of a 26 Verma and Maresca 6 daughter MT was 36.0s ± 25.3s (n = 90) ( Figure 1E ) and, over a typical lifetime, a dynamic 1 daughter MT polymerized microns from the branch site ( Figure 1B) . Branches could nucleate 2 along the length of mother MTs, and, in some cases, branching MT nucleation of 3 "granddaughter" MTs from daughters was observed; however, split-branching of growing MT 4 plus ends (Basnet et al., 2018) was not evident.
5
The 36° branch angle measured in S2 cells is entirely consistent with branching MT 6 nucleation in cortical interphase MT arrays in plants (Chan et al., 2009; Liu et al., 2014; Murata 7 et al., 2005; Walia et al., 2014) . Multiple studies have reported that ̴ 80% of events branched at 8 40° while ̴ 20% branched parallel to the mother MT. While the occurrence of shallow 9 angle/parallel branching events cannot be ruled out, we could not confidently identify bona-fide 10 parallel branch events, as defined by daughters originating from a mother-associated γ-TuRC, 14 TPX2 is a highly conserved protein and its activity has been associated with multiple 15 roles in mitosis, such as, spindle assembly (Gruss et al., 2001; Gruss et al., 2002; Ma et al., 16 2010; Wadsworth, 2015; Wittmann et al., 2000) , MT nucleation, and MT stabilization (Alfaro-Aco 17 et al., 2017; Groen et al., 2009; Petry et al., 2013; Reid et al., 2016; Roostalu and Surrey, 2017) .
18
In Xenopus laevis egg extracts branching MT nucleation events were observed following the HeLa and RPE1 cells (David et al., 2018) . This discrepancy may stem from fundamental 9 mechanistic and/or structural differences between the fly/plant and vertebrate branching 10 pathways. However, we favor an alternative explanation for the observed differences in branch 11 angles that are a consequence of two considerations: 1) the structural organization and physical 12 properties of the augmin complex, and 2) the cellular environment in which a daughter is born. Figure 5C ). We envision that "unbridled" daughters 6 nucleated in the absence of major spatial constraints would exhibit a branch angle closer to the 7 angle at which an augmin complex binds to the mother MT. On the other hand, a daughter that 8 encounters spatial constraints as it grows, for example in a spindle with many MTs oriented 9 nearly parallel to the mother, would flex inward due to flexible or hinge-like parts of the augmin 10 complex. Interestingly, mother and daughter MTs of small angle branches visualized by electron 11 tomography in human metaphase spindles were linked by 29 nm "rods" that bound the mother 12 at a 60° angle (Kamasaki et al., 2013) . While the molecular identity of these rods was not 13 determined, we agree with the authors' speculation that the rods may be augmin -specifically 14 the 30nm stem of the augmin complex (Kamasaki et al., 2013) . 
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